Abstract: Fine-fuel moisture is an important variable in the wildland fire environment, but measuring live fuel moisture is time-consuming. There is a strong incentive to develop technologies that provide instantaneous measurements of fine-fuel moisture. Campbell Scientific, Inc. markets a device that uses dielectric permittivity to measure the moisture content of duff fuels in forests; this Duff Moisture Meter (DMM600) might also be applied to herbaceous grassland fuels but its effectiveness has not been tested. This paper describes how grassland fuel samples collected for the DMM600 do well to represent the broader fuelbed, and that the dielectric permittivity values of the DMM600 correlate well with the actual moisture content of uncured grassland fuels. Results suggest the DMM600 can effectively estimate moisture content in uncured grassland fuels, including the overall fuelbed as well as live herbaceous fuels and well-aggregated samples of the grassland litter layer. Calibration equations and tips to ensure representative data are provided.
Introduction
Fuel moisture is one of the most important variables in the wildland fire environment. Fuel is a component of both the flame and fire behavior triangles [1] , and thus, fuel properties are critical in determining at fine scales (individual combustion reactions) whether ignition occurs, and at broad scales (landscapes), whether and how fire spreads across landscapes. Moisture content is a critical component at each scale. At fine scales, high fuel moisture content slows fire spread [2] , as explained by steady-state models of energy transfer [3] : fuel moisture acts as a heat sink in the reaction zone, preventing combustion if reaction energy isn't sufficient to first dry a fuel particle and continue heating it to kindling temperature. At the landscape scale, high fuel moisture reduces fire intensity [4] .
Wildland fuels are broadly separated into dead and live categories and into broad size classes, fine and coarse, depending on whether the particle is less than or greater than 6mm in diameter, respectively. (This paper focuses exclusively on fine-fuels and mostly on the live component, i.e., partially-or completely-uncured fine fuels.) Drivers of moisture content vary between fuel types [5] . The term curing is often used to refer to fine-fuel moisture content, and for functional purposes (e.g., fire behavior models) is broken into categories [6, 7] . Fine dead fuel moisture-or degree of curing-is driven by moisture in the environment, including atmospheric moisture (humidity), soil moisture, and precipitation. thus, fine dead fuel moisture is to varying degrees correlated with broad environmental variables that can be measured remotely, modelled, and predicted, such as drought indices and diurnal changes in relative humidity [8] [9] [10] [11] . Live fuel moisture, though, varies more seasonally, depending on the biology of the plant species [12] . While progress has been made in measuring live fuel moisture at broad scales with proxies like soil moisture and via remote sensing [12] [13] [14] [15] , obtaining real-time data on live fuel moisture within specific burn units remains a challenge even as wildland fire scientists increasingly recognize the influence of live fuel moisture on fire behavior [16, 17] .
Live fuel moisture is of particular interest in temperate grasslands because managers are increasingly interested in growing season burns, when a lower proportion of fine-fuels are cured because vegetation is photosynthetically active [18] . Asynchronous fuel moisture also causes exotic, cool-season invasive grasses to increase the proportion of live fuels in grassland fuelbeds; such species are photosynthetically active-and have live high fuel moisture-during the dormant period of native warm-season communities when fuels are typically cured and prescribed burns conventionally conducted [19] . Two exotic cool-season grasses of particular concern in the Northern Great Plains of North America are Bromus inermis Leyss. (smooth brome) and Poa pratensis L. (Kentucky bluegrass) [20] . Patches of high-moisture, live fuels can impede fire spread [21, 22] , and thus, knowledge of live fuel moisture content prior to prescribed burns can inform broad Go/No-go decisions, inform specific ignition plans, and explain variability in fire behavior and fire effects.
Using day-of live fuel moisture information in wildland fire management is challenging because data collection is time-consuming. Live fuel moisture content is typically determined by clipping and weighing fuel samples, drying samples to a constant mass in a drying oven, and weighed again to determine the mass of lost water, which typically requires 12-24 h although microwave ovens can reduce the time to 20-30 min [23, 24] . Especially when wildland fire managers lack access to microwave ovens, data on day-of live fuel moisture content is thus, unavailable without an instantaneous solution.
There are, however, technologies capable of making instantaneous moisture content measurements, and devices have been designed for field applications. These field instruments are based on time and frequency domain reflectometry (TDR/FDR), in which a specific type of electric pulse is emitted through material, sensed by a receiver, and only then immediately emitted again. The travel time of the pulses determines their frequency, and the travel time is determined by the dielectric permittivity of the material. Because water has a constant dielectric permittivity an order of magnitude above organic materials, the dielectric permittivity-and thus, the frequency of TDR/FDR pulses-of organic materials is highly sensitive to moisture content. thus, measuring the frequency (MHz) of TDR/FDR pulses is a robust way to measure water content. The relationship between dielectic permittivity and moisture content has been applied in industries like grain processing for decades [25] [26] [27] , and many farmers use handheld moisture meters to determine when they can harvest or whether they should dry stored grain. But applying dielectric permittivity in the wildland context is difficult because materials aren't uniform; while grain density is fairly constant and kernels can easily fill a given volume, the density and structure of vegetative material varies widely. Researchers with the US Forest Service developed a portable device-25 cm long weighing 1.7 kg-that uses a screw-driven, spring-sensed compression system to reduce airspace and improve conductivity in heterogeneous organic material [28] . The device is manufactured and marketed by Campbell Scientific, Inc. of Logan, Utah, USA as the DMM600 Duff Moisture Meter.
The DMM600 has been shown to effectively measure the moisture content of organic forest soils (duff) [28, 29] . Theoretically, however, it could also be applied as a solution to obtain instantaneous data on fine-fuel moisture content, including live herbaceous fuel moisture. But to my knowledge its effectiveness in other wildland fuel types has yet to be determined. Upon purchasing a DMM600 Duff Moisture Meter from Campbell Scientific, I pursued the following research objectives:
• Determine whether moisture content of samples collected for the DMM600 represent the moisture content of the broader grassland fuelbed, • Determine efficacy and accuracy of the DMM600 in estimating grassland fuel moisture, and • Fit an equation for calibrating the DMM600 to return grassland-specific moisture percentages.
Materials and Methods

Sample Collection
To ensure a sufficient gradient in fuel moisture to test the DMM600, I sampled fuel moisture for two exotic cool-season grasses-Bromus inermis (smooth brome) and Poa pratensis (Kentucky bluegrass)-and native warm-season stands 10 times at regular intervals during spring (17 April-16 May) and fall (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) October) fire seasons in 2016. Sampling locations included three semi-natural areas with grassland habitat in Fargo, ND, USA. Within each location, three areas of the grassland habitat at least 75 m apart were identified, from which three individual samples were collected during each visit. The three sampling locations and three areas within each location were consistent for the duration of the study, and form the structure of the spatially-hierarchical design described below. At each sampling area, three points were identified: one with a stand of nearly 100% B. inermis cover, another with a stand of nearly 100% P. pratensis cover, and a third stand dominated by native warm-season grass (warm season grass data were not included in this analysis due to being fully cured during the duration of the study).
Basic operation of the DMM600 consists of loading the sample chamber and compressing the sample until the unit beeps, at which point the LCD provides the dielectric permittivity as freq, in MHz, and a % moisture content (volumetric water content, VWC, by default). The user can simply unscrew the top and discard the sample, or if a bulk density measurement is desired, the user counts the turns taken to decompress the sample (to measure sample volume; the top is printed with 1 /8-increment markings to assist the user in counting turns) and retains the sample for drying and weighing (to determine the mass of the sample). See [28] for a thorough description of the DMM600 and its operation, complete with photographs .
In the field, I handled samples (three from each sampling area) in the following manner:
1. A handful of sample material, collected as above, was clumped into a loose ball and stuffed into the DMM600 sample chamber, with no material allowed to hang over the edges. 2. The top of the DMM600 was fixed into place, the device switched on, and the sample compressed via the screw. 3. Once the device beeped, I recorded the freq and % VWC on the display. 4. Number of rotations to decompress the sample were counted and recorded. 5. The sample was put in a uniquely-identified envelope.
Collecting these samples proceeded slightly differently in the spring and in the fall, and when data are combined, they represent a broad gradient in fine-fuel moisture for these grassland fuels. In the spring, the fresh emergence of green, live shoots made hand-sorting live and dead fuel components easy. Thus, at each sampling point, three handfuls of live fuel for each species was collected and handled as above, along with three handfuls of litter for each species; these comprise the "live" and "litter" types in the analyses that begin with Section 3.1.2. Then, I placed three random 0.10 m 2 quadrats in each species' stand and sampled the litter layer by clipping and discarding all plant material standing above the top of the litter layer, then clipping and collecting the litter layer to within 2 cm of mineral soil. These samples comprise the "litter" component in Section 3.1.1 ( Figure 1) .
Two developments prompted an altered sampling protocol in the fall. First, after a full growing season, hand-separating the fine leaves of live P. pratensis in the field became onerous. Second, preliminary analysis of litter moisture content indicated that the handfuls of litter used in the DMM600 had substantially lower moisture than clipped samples, which suggested hand-sampling only pulled lofted, drier litter from the top of the litter layer and did not capture higher-moisture material deeper in the litter layer. Thus, I adjusted sampling to begin with the random placement of 0.10 m 2 quadrats, which were clipped to within 2 cm of mineral soil and all collected plant biomass aggregated in a small, sturdy vinyl reusable shopping bag, from which I extracted a handful sub-sample for the DMM600. These fall samples comprise the "total" fuel type in the figures and analyses below.
All sampled material was retained to determine moisture content. To assess how well the DMM600 measured the moisture content of the sub-samples used in the chamber (accuracy of moisture content estimation), sub-samples used in the DMM600 were placed in individual envelopes, and biomass clipped from the quadrats was used to compare how well the sub-samples represented fuelbed moisture as it would normally be sampled via the oven-dry method (comparison of methods). Samples were stored out of the sun and weighed on a portable balance within 1 h of collection to get wet mass, then dried in a forced-air oven at 60 • C for 48 h and weighed again. While a recent nominal standard temperature for oven-drying fuel is 105 • C [30] , errors associated with 60 • C were minimal as the effect of the differences between the two temperatures is realized at low fuel moisture contents (e.g., <10%). Furthermore, 60 • C as used here lies between higher temperatures (95-145 • C) used to determine moisture content in forest fuels [30, 31] and lower temperates (45-55 • C) used in other rangeland fuel moisture measurements [32] [33] [34] . Water content is expressed on a dry-weight basis. 
Data Analysis
Calculating Bulk Density of Compressed Samples
The DMM600 manual describes how users can convert VWC based on the bulk density of compressed samples (Note that this is the bulk density of fuel samples when compressed in the chamber and has no relationship to the bulk density of fuels in the fuelbed, a frequent parameter in fire behavior models.). Bulk density is a function of the volume the compressed sample occupies and the mass of the sample. The DMM600 manual describes how the compressed sample volume can be calculated as the difference between the total sample chamber volume and the portion of the sample chamber not occupied by the sample, which is pretty ingeniously determined by counting the number of rotations of the compression screw required to decompress the sample and entering this into an equation provided in the manual. Sample mass is determined from the oven-dry weight of the sample, which I measured anyway to determine actual moisture content.
Statistical Analysis
Prior to analysis I divided the calibration data into two datasets using the holdout method [35] : 2 /3 of the data went to a training dataset, for empirical model fitting, and 1 /3 was withheld as a validation dataset to test model performance. Because the three individual sampling points within each sampling area/location were randomly identified, I parsed the data by simply subsetting samples labeled "3" into the validation dataset. I found no statistical difference between the training and validation datasets (χ 2 = 0.09, p = 0.76) using a linear mixed-effect regression model as described below.
The spatially-hierarchical and repeated-measures design of sampling meant that I used linear mixed-effect regression (LMER) models when testing for statistical significance. LMER models were fit with the lmer function in the lme4 package [36] for the R statistical environment [37] . Tests for statistical significance between LMER models employed the base anova function, while statistical tests for individual terms in LMER models was performed with the Anova function from the car package [38] . In each case the returned test statistic is a χ 2 value for deviance. To generate a calibration equation for converting DMM600 raw dielectic permittivity data to WC, I extracted regression coefficients using the fixef function in lme4. Goodness-of-fit statistics (R 2 ) for LMER models were calculated as the marginal (fixed-effect) statistic using the r.squaredGLMM function in package MuMIn [39] for R.
Results and Discussion
Duff Moisture Meter Performance
Samples Used in the DMM600 Represent the Grassland Fuelbed
Before laboring over whether the values returned by the DMM600 are accurate and how they can be improved, it is important to ensure that the small samples required for DMM600 operation actually represent the broader fuelbed. To test this, DMM600 samples were compared to aggregated biomass samples obtained by clipping first herbaceous litter only, and then total aboveground herbaceous biomass, from quadrats as in the standard clip-weigh-dry-weigh method.
There was good fit between fuel moisture content of sub-samples used in the DMM600 and the total aboveground plant biomass of the clipped quadrat samples from which the sub-samples were drawn (R 2 = 0.64, Figure 1 ), although when litter alone was compared, the DMM600 samples tended to underestimate fuel moisture content. These data underscore the importance of aggregating biomass samples prior to using the DMM600. There is a temptation to just reach down, grab a handful of fuel, and stuff it into the DMM600, but I strongly recommend users lay a random quadrat, clip and collect fine-fuels to bare mineral soil, and shake them up in a bag before taking a handful for the DMM600.
The two species were also statistically significantly different (p < 0.01), although the test statistic for the main effect was two orders of magnitude greater than for the species term (χ 2 142 vs. 8.81, respectively). It is not clear from Figure 1 what might account for differences between species, except for perhaps greater underestimation of litter-only fuel moisture higher up on the gradient. Overall trends, especially for total biomass, support combining data for these species-which are structurally quite different, with B. inermis having much more stem tissue than P. pratensis-going forward. However the significance of the species term suggests using the DMM600 in grassland fuelbeds with considerably different composition might warrant preliminary data collection following the methods used here.
Dielectric Permittivity Correlates Well with Fine-Fuel Moisture Content
As its name suggests, the Duff Moisture Meter was designed for ground-layer forest fuels (duff), and previous field tests of the DMM600 focused on the duff layer [28, 29] . thus, it remains an open question whether this device could be used to determine the moisture content of fine-fuels in grassland. Data from this study suggest that the technology in the DMM600-which is based on dielectric permittivity-does well to estimate fine-fuel moisture content in grasslands (Figure 2A ). The LMER model testing the main effect and fuel type was the best fit (R 2 = 0.86, χ 2 = 60.3, p < 0.001). Species added no explanatory value in LMER models (χ 2 = 0.48, p = 0.49) and thus, species data were combined ( Figure 2 ). Unsurprisingly the fuel type term was significant (χ 2 = 36.4, p < 0.001) because the fuel types clustered to specific regions of the fuel moisture gradient (Figure 2A ). A caveat is that accurate fuel moisture estimation with dielectric permittivity does require some degree of moisture in the fuel. I found no fit between the DMM600's freq reading and fuel moisture content for samples of highly-cured native warm-season grasses, which were consistently well below 20% and often under 10% (data not shown). But this has little bearing on the application of the DMM600; recall that the initial interest that prompted this inquiry pertained to the moisture content of live herbaceous fuels, which by definition and data have moisture content above 30%. Thus, the DMM600 can categorically identify cured fuels below 30% moisture (Table 1 ), but will not provide accurate fine dead fuel moisture readings when those fuels are fully cured. Table 6 in the National Wildfire Coordinating Group's Fireline Handbook Appendix B (https://www.nwcg.gov/publications/ 410-2), which supports fire behavior estimation in the field. Note the very slight difference in freq between fully-cured and partially cured fuels, which highlights the lack of sensitivity of the DMM600 to low-moisture fuels. Note that values in the freq column are to some degree probabilistic, as they represent the point at which 95% of freq values are equal or greater. Figure A1 shows Finally, it is unlikely that the DMM600 is useful for measuring fuel moisture content of coarse rangeland fuels, which will diminish its utility in the eyes of some potential adopters. For example, encroaching Juniperus species are often a target of prescribed fire in the US Great Plains, and evidence suggests substantial differences in mortality on either side of a fuel moisture threshold [40] , so managers have a clear interest in knowing whether the moisture content of Juniperus needle-leaves are below the mortality threshold before they burn. But in the course of this study I also tested many samples of Juniperus needle-leaves from three locations in the DMM600 and determined actual moisture content as above. Despite a substantial gradient in actual WC, the DMM600 measured no variability in freq (data not shown). This is probably because the needle-leaves could not be sufficiently compressed to reduce airspace in the sample chamber such that electricity could be exposed to, and resisted by, moisture in the plant material. Perhaps a pre-processing step like chopping or grinding could increase the sample density of coarse rangeland fuels like Juniperus needle-leaves, but this remains to be tested.
DMM600 Equations for Grassland Fuels
The DMM600 reports two values for each sample: the raw dielectric permittivity frequency, freq, and a percent moisture from a standard calibration equation that returns volumetric moisture content, not the desired metric moisture content used in wildland fire applications. Given that the standard calibration fits grassland fuels so poorly ( Figure A2A ), users have two options: use the raw freq values or upload a custom calibration equation to convert the default %VWC to %WC. Based on the exotic cool-season grass data collected in this study, I present equations for each approach below.
Using the Raw Dielectric Permittivity Values (freq)
Two equations support the application of the DMM600 in grassland fuels. First, I derived a second-order polynomial regression equation from the fit between the raw dielectric permittivity values (freq) given by the DMM600 and actual oven-dry moisture content of tested samples (Figure 2A The polynomial regression fit the training dataset well (R 2 = 0.80). Users can input the raw freq from the unit into Equation (1) on a computer or smartphone to get real-time values, or fit the equation to freq on the computer later if data are being used for research or documentation purposes. Table 1 gives approximate freq cutoffs for various categories of fuel curing.
Equation (1) performed well when tested on the validation data ( Figure 2B ) held back from model fitting (Figure 2A ). The linear relationship was significant and highly correlated (R 2 = 0.87, χ 2 = 114, p < 0.001). Fuel type was a statistically-significant term (χ 2 = 8, p = 0.02). Interestingly, model fit was better for these grass fuels than duff fuels in a previous test of the DMM600 [29] .
Programming a Custom Calibration Equation
As described above, the DMM600 comes programmed with a standard calibration equation to convert the raw dielectric permittivity values, freq, to volumetric moisture content (VWC), which appears on the unit's LCD screen as Std Cal:xx%. The factory calibration for the DMM600 is
The DMM600 allows users to upload custom calibration equations so the the unit's LCD reports WC instead of VWC. Converting VWC to WC requires information on the bulk density of the compressed sample. The coefficients in Equation (2) are divided by the bulk density, and users are ready to upload their custom equation to the DMM600 using PC software that ships with the unit.
I found bulk density to vary little among the exotic cool-season grass species and types of plant matter reported here ( Figure A3 ) and thus, used a mean bulk density of 0.072 g/cm 3 to derive a single calibration equation for the grassland fuels, but the equation produced by dividing coefficients in Equation (2) by 0.072 substantially overpredicted WC ( Figure A2 ). Thus, I manually adjusted the bulk density parameter until the trendline for estimated WC tracked closely to the 1:1 relationship between estimated and actual WC. The result ( Figure 3 ) is based on a bulk density parameter of 0.11 g/cm 3 , which produces the following calibration equation suitable for programming the DMM600:
Equation (3) also performed well when tested on the validation dataset ( Figure 3 ). In this case, the fuel type term was statistically significant (χ 2 = 19.8, p < 0.001), and the linear relationship was significant and highly correlated (R 2 = 0.89, χ 2 = 61.3, p < 0.001). The effect of fuel type on model fit is potentially confounding, because a single LMER model without the fuel type term had a significantly poorer fit to the data (χ 2 = 9.3, p < 0.01) and had a lower goodness-of-fit (R 2 = 0.85). (2) coefficients were divided by mean bulk density (0.072 g/cm 3 ) substantially overpredicted WC ( Figure A2 ). Dotted line shows the 1:1 relationship at which variables would be perfectly correlated.
So Which Calibration Approach Should One Use?
The DMM600 manual describes how one can improve the % moisture content readout by creating a calibration equation for specific fuel types by dividing the coefficients in the standard calibration equation (Equation (2)) by the bulk density of samples. I derived a separate equation (Equation (1)) that converts the raw dielectic permittivity values given by the DMM600, freq, to WC. To my knowledge this latter approach is novel, which might have both a negative as well as positive value. An additional critique is that this approach is based on an empirical derivation and the capacity for extrapolation is unknown (although it did perform well against the validation dataset).
Besides being the recommended approach in the DMM600 manual, converting VWC to WC based on bulk density is more processed-based-the same correction approach is used widely in soil moisture sensor systems, many of which rely on the same dielectic permittivity technology. However, accuracy is still inherently limited to sample material with the same bulk density. Users especially interested in accurate bulk density-derived calibrations for each reading can simply record freq, count and record the number of rotations of the screw upon decompression, retain the sample, dry and weigh later, and plug freq and bulk density into Equation (2), although this obviously does not serve the primary purpose of providing instantaneous fuel moisture measurements.
Finally, three issues with the bulk density-derived calibration (Equation (3)) emerge from these data:
• Plant material type-litter vs. standing material vs. both combined-was a significant term in the model fitting estimated WC to actual WC using the bulk density-corrected equation. This suggests that the relationship could be less generalizeable, although the overall linear relationship still had a good fit (R 2 = 0.85). Users do not likely need to account for these differences, however. . . • There is a slight curvilinear pattern in the relationship between estimated WC and actual WC using the bulk density-corrected equation. It is quite apparent when the entire dataset is plotted ( Figure A2B ), and appears to be caused by a tendency for bulk density-derived WC estimations to slightly under-predict moisture content at low and high ends of the gradient. This curvilinear pattern is not apparent in WC estimations in the training dataset based on the empirically-derived equation (Equation (1)).
• The under-prediction by Equation (3) at the low end of the moisture gradient actually produces a few negative WC values ( Figure 3 ). This is likely fine for users who only need a categorical determination of fuel moisture content in cured and partially-cured fuels, but such illogical values obviously create an issue for anyone who needs precise estimations.
How to Collect Good Samples for the DMM600
I suggest the following protocols for sample collection to ensure good results from the DMM600:
• Live fuel moisture-Simply cut enough live, green material to fill the sample chamber from as small of an area as possible, clipping tillers as low to the ground as possible.
• Litter moisture-Place random quadrats in areas of representative fuels. Cut and discard all live plants and woody or forb stems. Standing dead grass can be included or analyzed separately depending on intent. Clip remaining biomass to within 2 cm of mineral soil and collect in a bag (anything will do, but one that more or less holds itself open and will withstand repeated use makes life easier). Aggregate well. Grab a handful for the DMM600 chamber. Depending on the amount of biomass in the bag, one can repeat for added precision in fuel moisture estimation. Bear in mind that the DMM600 won't work well on fully-cured stands, but why measure moisture if the stand is obviously cured? • Overall stand fuel moisture-Place random quadrats in areas of representative fuels, cut and discard woody and forb stems, and clip and collect everything into the sample aggregation bag. Sub-sample handfuls for the DMM600. Again, don't expect good results from the DMM600 on fully-cured fuels.
Conclusions
Based on this analysis, there is substantial evidence that Campbell Scientific's Duff Moisture Meter (DMM600) accurately measures the moisture content of non-fully-cured grass fuels (Figure 2A) , apparently even better than some duff-type fuels for which it was designed [29] . With attention to how the small samples used in the DMM600 are collected, DMM600 measurements also represent the grassland fuelbed well (Figure 1) . Users have options in obtaining % moisture values as metric water content: either determine sample bulk density and upload a custom calibration equation as the manual suggests, or use an empirically-derived equation that converts raw output (freq) to WC. The differences likely depend on how precise of data users desire, and how much work the user wishes to put into determining their calibration. Determining bulk density does require users to complete a number of steps after using the device, including retaining, drying, and weighing samples after using the DMM600 to determine sample dry mass, part of the bulk density calculation. Empirically deriving an equation requires the same steps but with (1) a greater number of samples along the full moisture gradient, and (2) closer attention to moisture loss from samples and an additional weighing step prior to drying (to determine sample moisture content, as well as dry mass).
In the data presented here, the empirically-derived equation seemed to offer better alignment between estimated and observed moisture content along the full moisture gradient. This might be the preferred route for researchers who desire precise values, whereas users incorporating real-time fuel moisture data into fire management decisions might be content with broad estimations of fuel curedness and would likely prefer the more direct readout provided by a unit loaded with a custom equation. In either case the DMM600 appears capable of providing useful, instantaneous fuel moisture estimations in partially-cured and live herbaceous grassland fuels, although the more familiar users are with the unit's performance in their specific plant communities the more confidence they can have in the accuracy of their values. 
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